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QM / MM Treatment

MM à environment
QM/MM representation (left) of  aldehyde oxidoreductase (right)[1]

[1] WIREs Comput Mol Sci 2014, 4:101– 110. doi: 10.1002/wcms.1163

QM à central region 
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QM / MM energy schemes

• Subtractive

• Additive

QM / MM embedding schemes
• Mechanical embedding

• Electrostatic embedding 

• Polarized MM embedding
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Covalent

• The forces on the link atoms are projected onto real atoms 
after each gradient evaluation.

v Link atom approach
• adding hydrogen atoms to the QM region while force field 

terms in the MM calculation are selectively deleted
à no interactions are double counted

• the charges on the MM atoms closest to the QM region are 
shifted to neighboring atoms
à avoid overpolarization of the QM system

• Extra dipoles are then added to compensate for the dipoles 
created by the charge shifting scheme.

v atomic, large-core pseudopotentials are placed on the 
MM atoms immediately surrounding the QM region 

à localize electrons in the QM region, 
à preventing QM atoms from spilling out into the MM

Ionic

Ø Boundary Treatment
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Overview of ChemShell’s modular framework

Input: details of the system’s geometry, 
periodicity, charges and other atomic attributes 
(PDB, xyz, etc.)

Handles the QM and MM boundary

[3] Phys. Chem. Chem. Phys. 2023, 25:21816–21835. doi: 10.1039/d3cp00648d
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The original package is written in Tcl language (Tcl-ChemShell).

Python-based Redevelopment (Py-ChemShell)

• Python becomes one of the most popular programming language in computational chemistry.

• Python is more flexible than Tcl, with better support for mathematical operations, complex data 

structures, and a wider range of support libraries. 

• Redevelopment facilitates development of new embedding methods.

Ø Original design: Tcl provides the user interface layer, with complex data structures and 

manipulation implemented in C and Fortran. 

Ø Py-ChemShell: both the user interface and data structures handled at the Python 
level, while the data structures can be directly accessed by Fortran modules.
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Py-ChemShell -- Python Implementation

1.User Interface 

2.Data Structures

3.Python/Fortran Coupling

4.QM/MM Driver

5.Task-farming Parallelism
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Retains the flexible scripting approach taken by Tcl-ChemShell

BLYP/6-31G optimization of  water using the NWChem QM

Run in Python Interpreter Run in ChemShell executable

Ø User Interface

Py-ChemShell -- Python Implementation
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Methods to manipulate object data 
(~Molecule.delete_atom_by_indices in CHEMSMART)

Py-ChemShell -- Python Implementation

Ø Data Structure



12

A Fortran layer is required for certain lower level operations.

• Routines for cutting clusters 
• The DL-FIND geometry optimization library
• The ability to interface directly to external packages. 
• The parallelization framework

Ø Python / Fortran Coupling

Py-ChemShell -- Python Implementation

General-purpose library, DL_PY2F
à enables Py-ChemShell objects to be directly accessed from the Fortran layer

Ø QM/MM Driver
• Full support for both link-atom and ionic boundary methods for handling the QM/MM 

boundary region. 
• Support of Mechanical, electrostatic, and polarized (shell model) embedding 
• The charge shifting scheme for avoiding overpolarization of electrostatic embedding. 
• Link atom forces resolved as in the original implementation.
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Py-ChemShell – Python Implementation

Ø Independent Parallelism

Ø Two-Level Hierarchy

Ø QM/MM Resource Efficiency:
Dynamically allocates processor 
subsets to minimize communication 
overhead for smaller MM regions.

Parallel MPI framework in Py-ChemShell following implementation of  task-farming parallelization

Ø Task-Farming Parallelism
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Py-ChemShell – Task-Farming Parallelism
Ø QM/MM Task-benchmarks
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Py-ChemShell – Task-Farming Parallelism
Ø QM/MM nanoparticle benchmarks

Ø System contains 162994 atoms à not possible for Tcl-ChemShell 
(the built-in version of  DL_POLY Classic used for MM energy evaluations uses replica data parallelism limited to 50000 atoms)

Ø Py-ChemShell scales efficiently for this system.



16

Py-ChemShell – Recent development

Version 17.0 

à targeted on material 
chemistry

Version 21.0[2] supports: 

• Biomolecular workflow

• Periodic QM/MM 

embedding

[3] Phys. Chem. Chem. Phys. 2023, 25:21816–21835. doi: 10.1039/d3cp00648d
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Py-ChemShell – Recent development

Version 17.0 

à targeted on material 
chemistry

Version 21.0[2] supports: 

• Biomolecular workflow

• Periodic QM/MM 

embedding

[3] Phys. Chem. Chem. Phys. 2023, 25:21816–21835. doi: 10.1039/d3cp00648d

• the QM region is calculated with periodic 
boundary conditions to describe the band 
structure of the metallic system. 

• MM region, is calculated to describe longer 
range elastic substrate–substrate 
interactions. 

• the QM calculation would also describe 
substrate–substrate interactions to some 
extent.

• the QM region is calculated twice: once 
including both surface and adsorbate and 
once for the surface alone. 
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Ø Future development

•Py-ChemShell combines the modern Python interface with a rugged, highly parallelized Fortran 

computational backend.

•Fully supports classical biomolecular workflows alongside materials chemistry workflows.

•Features integrated boundary cluster models and interfaces with packages like ORCA, DFTB+, 

CP2K, and CRYSTAL.

• Launching adaptive solvent-exchange QM/MM, PLUMED free energy metadynamics, and IR/Raman 

spectroscopy profiles.

• Merging ML potentials with geometry optimization drivers.

• Rewritten under ExCALIBUR to tackle highly scalable multiscale simulation workloads on tomorrow's 

supercomputers.

Ø Current Capabilities
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